This paper investigated the pyrolytic behaviors of enzymatic hydrolysis lignin (EHL) and EHL treated with steam explosion (EHL-SE) by pyrolysis-gas chromatography/mass spectrometer (Py-GC/MS). It was shown that the main component of the pyrolysis products was phenolic compounds, including G-type, H-type, S-type, and C-type phenols. With different treatment methods, the proportion of units in phenolic products had changed significantly. Meanwhile, proximate, elemental, and FTIR analysis of both lignin substrates were also carried out for a further understanding of the lignin structure and composition with or without steam explosion treatment. FTIR result showed that, after steam explosion treatment, the fundamental structural framework of the lignin substrate was almost unchangeable, but the content of lignin constituent units, e.g., hydroxyl group and alkyl group, evidently changed. It was noticeable that 2-methoxy-4-vinylphenol with 11% relative content was the most predominant pyrolytic product for lignin after steam explosion treatment. Combined with the above analysis, the structural change and pyrolysis product distribution of EHL with or without steam explosion treatment could be better understood, providing more support for the multi-functional utilization of lignin.
Introduction
As a natural aromatic polymer, lignin is one of the main components of lignocellulosic biomass in nature, which accounts for about 15%-35% of dry biomass [1] [2] [3] . Lignin is a three-dimensional, crosslinked and highly branched copolymer, which is derived from the random polymerization of three phenylpropane monomers, containing guaiacol (G), syringyl (S) and p-hydroxyphenyl (H) [4, 5] . These aromatic monomers among lignin are mainly composed of C-O-C (α-O-4, β-O-4, 5-O-4) and C-C (5-5, β-1, β-5) bonds [6, 7] .
Currently, more than 60% of lignin resources are applied for low-grade boiler fuels for heating and power supply. Due to the aromatic nature of lignin, it is also known as a promising biomass resource for the preparation of bio-oil [8] . Bio-oil is transportable liquid with a high-energy content, which can be applied to subsequent biofuels and high value-added chemicals.
As one of the promising thermal approaches, pyrolysis could be applied to convert cheap, local, and abundant lignocellulosic biomass into energy [9] . It plays an important role in the thermochemical conversion of biomass to bioenergy. In order to obtain a deeper understanding of the complex structure of biomass, a pyrolyzer, coupled with gas chromatography/mass spectrometer (Py-GC/MS), has been the complex structure of biomass, a pyrolyzer, coupled with gas chromatography/mass spectrometer (Py-GC/MS), has been widely used in recent decades [10] [11] [12] . Rich information about degradation products that can be obtained from specific spectra, which is advantageous in understanding the structure during biomass decomposition. The limitation of isothermal pyrolysis under constant conditions is that degradation products released from substrate pyrolysis cannot be separated. Py-GC/MS is an effective tool for qualitative and quantitative real-time analysis and the detection of each organic component in volatiles with the advantages of convenient detection and high sensitivity, which can easily identify complex organic compounds [13, 14] . Therefore, Py-GC/MS could be widely employed to determine the effect of the reaction temperature on distribution and the content of pyrolysis products [15, 16] . It was reported that guaiacol (G), p-hydroxyphenol (H), dimethoxyphenol (S) are the three most abundant phenols in bio-oil [17] [18] [19] [20] [21] .
While a lot of research has been carried out on the pyrolysis of lignin, few have focused on product distribution of enzymatic hydrolysis lignin (EHL) with or without steam explosion treatment. The main purpose of this paper is to explore the pyrolysis behavior of EHL (with or without steam explosion treatment) by utilizing Py-GC/MS, and to compare the difference between the product distributions of the two lignin substrates. This work will also help to understand the impact of steam explosion on pyrolysis behavior of EHL by kinetic analysis.
Results and Discussion
The FTIR results of EHL and EHL treated with steam explosion (EHL-SE) were shown in Figure 1 . According to other works (see Table 1 ) [22] [23] [24] [25] [26] , peaks at 3500-3200 cm −1 is O-H stretching vibration. After steam explosion treatment, the peak signal of O-H is significantly reduced. The possible reason is that steam explosion treatment method is accompanied by the detachment of some hydroxyl functional groups. After that, peaks at 3000-2842 cm −1 express C-H stretching in methyl and methylene groups. As can be seen from Figure 1 , alkyl content of EHL-SE is significantly less than EHL, indicating that steam explosion treatment can remove most of alkyl component of lignin. Meanwhile, C-H stretching vibration -CH3 and -CH2−) can be also detected at 1470-1445 cm −1 . The peak intensity of alkyl in EHL-SE is shown to still be lower than EHL. Afterwards, stretching vibrations at 1615-1600 cm −1 , 1515-1505 cm −1 and 1430-1422 cm −1 are attributed to aromatic skeletal vibrations and aromatic skeleton vibrations combined with C-H in plane deformations, which belong to the basic vibration peaks of lignin. Hereafter, peaks at 1375-1330 cm −1 , 1233-1214 cm −1 , 1110 cm −1 and 835-834 cm −1 are characterized as S rings and C-O stretching in S rings, and peaks at 1270-1260 cm −1 are designated to be G rings and C-O stretching in G rings. It can be seen, by observing the change in the peak area in Figure 1 , that the content of G and S units in EHL-SE is less, which may be related to the treatment method. Finally, peaks around 1035-1030 cm −1 can be attributed to the absorption of C-O deformation in primary alcohol and aliphatic ether. It is well known that lignin contains hydroxyl groups and more ether linkages (C-O-C). After steam explosion, accompanied by the detachment of hydroxyl groups and the breakage of ether bonds, signal peaks in EHL-SE are significantly weaker than EHL.
In general, the fundamental structure of lignin substrates has not undergone a distinct change by steam explosion. However, unit ratio of lignin (G, S, and H), hydroxyl content and alkyl content were partially different. Ether bonds in EHL also undergo obvious break during steam explosion, which may be responsible for the difference in the composition of pyrolysis products.
During lignin pyrolysis, aided by Py-GC/MS, gases, volatiles, and residue char were mainly produced [18] . This work only discussed volatile products that had boiling points below 500 • C, which can be detected by GC/MS.
It could be seen from Figures 2 and 3 that signal peaks all appeared between 5 min and 25 min. Meanwhile, as the temperature increased, peaks of pyrolysis products became more and more complex, and the type of compound also increased. Table 2 listed the number, compound, family and relative content at different temperatures. As can be seen from Table 2 , there are 20 types of pyrolysis products, which contain ester, acid, ketone, aldehyde, sugar, imidazoline, pyrrole, pyridine, piperidine, indolizine, indole, furan, naphthenic, olefins, benzene, benzene derivative and phenolic compounds (G-, S-, Hand C-types). By comparing the product lists of two lignin substrates (see Table 2 ), pyrolysis products of EHL were more abundant and complex. However, treated with steam explosion, lignin pyrolysis product distribution was more concentrated for phenolic compounds, and almost no heterocyclic compounds were formed. Sugars, furans, and olefins were also significantly less, and no alkane products were formed. It is worth noting that the content of benzene and benzene derivatives in EHL-SE pyrolysis products was increased, but when the temperature reaches 500 °C, the content of both was also reduced. Possible reason is that with higher temperature, primary pyrolytic products are gradually cleaved into other small molecular or gaseous products. Esters, acids, aldehydes and ketones in the product distribution also account for a certain proportion. Most of these products were long-chain acids or esters, similar to other studies [27] , which were distributed in small amounts after the pyrolysis of lignin. As the temperature increases, the content of these products decreases.
All pyrolysis products were listed in Table 2 , which could be roughly classified into two categories: lignin derivatives and carbohydrate derivatives. Lignin derivatives mainly contained phenolic compounds, benzene derivatives and benzene. The possible reason for presence of carbohydrate derivatives was that cellulose and hemicellulose were not completely removed during the enzymatic hydrolysis of feedstock, resulting in feedstock containing a small portion of cellulose or hemicellulose (about 5 wt-10 wt%) [28] . Due to the cleavage of bonds between lignin and polysaccharide, a certain amount of carbohydrate derivatives could also be partially formed [29] . By comparing the product lists of two lignin substrates (see Table 2 ), pyrolysis products of EHL were more abundant and complex. However, treated with steam explosion, lignin pyrolysis product distribution was more concentrated for phenolic compounds, and almost no heterocyclic compounds were formed. Sugars, furans, and olefins were also significantly less, and no alkane products were formed. It is worth noting that the content of benzene and benzene derivatives in EHL-SE pyrolysis products was increased, but when the temperature reaches 500 °C, the content of both was also reduced. Possible reason is that with higher temperature, primary pyrolytic products are gradually cleaved into other small molecular or gaseous products. Esters, acids, aldehydes and ketones in the product distribution also account for a certain proportion. Most of these products were long-chain acids or esters, similar to other studies [27] , which were distributed in small amounts after the pyrolysis of lignin. As the temperature increases, the content of these products decreases.
All pyrolysis products were listed in Table 2 , which could be roughly classified into two categories: lignin derivatives and carbohydrate derivatives. Lignin derivatives mainly contained phenolic compounds, benzene derivatives and benzene. The possible reason for presence of carbohydrate derivatives was that cellulose and hemicellulose were not completely removed during the enzymatic hydrolysis of feedstock, resulting in feedstock containing a small portion of cellulose or hemicellulose (about 5 wt-10 wt%) [28] . Due to the cleavage of bonds between lignin and polysaccharide, a certain amount of carbohydrate derivatives could also be partially formed [29] . By comparing the product lists of two lignin substrates (see Table 2 ), pyrolysis products of EHL were more abundant and complex. However, treated with steam explosion, lignin pyrolysis product distribution was more concentrated for phenolic compounds, and almost no heterocyclic compounds were formed. Sugars, furans, and olefins were also significantly less, and no alkane products were formed. It is worth noting that the content of benzene and benzene derivatives in EHL-SE pyrolysis products was increased, but when the temperature reaches 500 • C, the content of both was also reduced. Possible reason is that with higher temperature, primary pyrolytic products are gradually cleaved into other small molecular or gaseous products. Esters, acids, aldehydes and ketones in the product distribution also account for a certain proportion. Most of these products were long-chain acids or esters, similar to other studies [27] , which were distributed in small amounts after the pyrolysis of lignin. As the temperature increases, the content of these products decreases. All pyrolysis products were listed in Table 2 , which could be roughly classified into two categories: lignin derivatives and carbohydrate derivatives. Lignin derivatives mainly contained phenolic compounds, benzene derivatives and benzene. The possible reason for presence of carbohydrate derivatives was that cellulose and hemicellulose were not completely removed during the enzymatic hydrolysis of feedstock, resulting in feedstock containing a small portion of cellulose or hemicellulose (about 5 wt-10 wt%) [28] . Due to the cleavage of bonds between lignin and polysaccharide, a certain amount of carbohydrate derivatives could also be partially formed [29] .
Total product distribution, obtained by the pyrolysis of EHL, with or without steam explosion, is shown in Figure 4 . Phenolic compounds which linked with phenolic hydroxyl and methoxyl groups [17] were the main substances in pyrolysis products obtained by two lignin substrates. Some researchers divided phenolic compounds into four categories: guaiacol (G), syringol (S), phenol (H) and catechol (C) [27, 30] . Among them, G-type phenol was predominant group compared to other types because guaiacyl unit was the predominant unit in lignin [30] . Furthermore, G-type phenols could be produced by the break of β-O-4 bonds, which need the lowest energy of all kinds of bonds [31] . It was noticeable that 2-methoxy-4-vinylphenol with an 11% relative content was the most predominant pyrolytic product for lignin after steam explosion treatment. Meanwhile, carbohydrate derivatives mainly included sugar, such as 2,3-anhydor-d-galactosan, sedoheptulose anhydride, β-d-allose and 1,6-anhydroglucopyranose, which originated from the pyrolysis of cellulose and hemicellulose [20] . Among them, β-d-allose was monosaccharide, which was formed by thermal degradation of hemicellulose [32] . It is worth noting that β-d-allose showed high content at higher temperature, and its stability was higher than other carbohydrate derivatives, which was also observed by other researchers [30] . There were other carbohydrate derivatives released, such as furan, ketone, acid, ester, and aldehyde, which was consistent with the reference results. It is worth mentioning that furan substance (2,3-dihydrobenzofuran) was directly derived from the secondary reaction of cellulose [33, 34] . Pyrolysis of cellulose or hemicellulose produced naphthenic, such as 1,2-dimethyl-3-methylene-cyclopropane. Meanwhile, the secondary dehydration of cellulose or hemicellulose produced olefins [20] , including decadiene, 4,5-nonadiene, 6,6-dimethyl-5-methylene-1,3-cyclopentadiene and 5,5-dimethyl-1-ethyl-1,3-cyclopentadiene.
Spurred by two competing reactions in the pyrolysis of cellulose and hemicellulose, one was the cleavage of glycosidic bonds to form various monosaccharides, and the other was ring opening reactions of furan and cleavage of C-C bonds to form small molecules [35] . Some macromolecules were also found, such as ester, acid, ketone and aldehyde, which was similar to the experimental result of other researches [24] . The appearance of nitrogen-containing substances, containing imidazoline, pyrrole, pyridine, piperidine, indolizine and indole were mainly due to the secondary decomposition of volatile substances [32] .
The specific phenolic substance distribution was shown in Figure 5 . The main products after pyrolysis of the raw material were phenolic compounds. The pyrolysis of lignin resulted in the cleavage of alkyl chain, thereby producing G-type, H-type, S-type and C-type products. After steam explosion treatment, the relative content of phenolic substances all increased significantly. Due to demethylation or demethoxylation on aromatic rings, the formation of G-type and S-type products could happen. Furthermore, as those reactions continued, H-type and C-type products were also produced. As the temperature increased, the yield of G-type and S-type products first increased and then decreased, while the yield of H-type and C-type products continued to increase. The reason may be that pyrolysis of raw materials was not sufficient at lower temperature, large number of methoxyl groups still linked on the phenol which led to the higher content of S-type phenols (containing two methoxyl groups) and G-type phenols (containing one methoxyl group) [36] . As temperature continued to rise, more methoxyl groups would fall off the phenol and transfer into CH 4 [9, 37] . Therefore, the content of H-type and C-type products obviously increased. The formation of phenolic products containing unsaturated side chains was more prone to occur than products containing saturated side chains at lower temperatures, such as 2-methoxy-4-vinylphenol, which are consistent with other reports [4] . However, the result of phenolic compounds containing allyl groups in side chains were reversed, the content of which was higher at high temperatures, such as trans-isoeugenol and 4-allyl-2,6-dimethoxyphenol. Products containing 1-carbon side chain (1-C), such as 2-methylphenol, 4-methylphenol, 2,4-dimethoxy-phenol, 2-methoxy-4-methylphenol, 3-methoxycatechol, 4-methylcatechol, 3-methoxy-5-methylphenol and 3,4-dimethoxy-phenol, had the maximum content at high temperatures, which was explained by secondary pyrolysis reactions of C-C bond in the literature [38] . Meanwhile, these products could also be formed due to the break of β-1 and β-5 bonds in EHL or EHL-SE [39, 40] . There were also some benzene and benzene derivatives, which may be produced by the rearrangement reactions or oxidation reactions that occurred during lignin depolymerization [20] . The formation of phenolic products containing unsaturated side chains was more prone to occur than products containing saturated side chains at lower temperatures, such as 2-methoxy-4vinylphenol, which are consistent with other reports [4] . However, the result of phenolic compounds containing allyl groups in side chains were reversed, the content of which was higher at high Several chemical methods have been applied to measure S/G in lignin, such as Fourier transformed infrared spectroscopy (FTIR) and solid-state 13 C NMR. However, as there is insufficient sensitivity and poor resolution in the spectra, it is difficult to determine S/G ratio in lignin by the analytical methods above [11] . Pyrolysis-gas chromatography/mass spectroscopy (Py-GC/MS) is a sensitive method for characterizing the structure of lignin, which also can provide useful information concerning the structure of lignin [11] . From the data in Table 3 , it can be found that the content of each type unit in the substrates changed with the treatment methods. After steam explosion, the content of each type phenolic unit increased, and the S/G ratio also increased. As temperature increased, S/G ratio in EHL-SE reached the maximum at 400 • C. It was indicated that steam explosion had a great influence on the proportion of the unit in lignin pyrolytic substrates. 
Materials and Methods

Materials
EHL mentioned in this experiment was provided by Department of Bioengineering, Nanjing Forestry University, China. Specific treatment steps of steam explosion of enzymatic hydrolysis of lignin referred to the research of our previous report [41] .
Analysis of EHL and EHL-SE
Proximate analysis, containing moisture, ash, volatile matter and fixed carbon, was performed according to American Society of Testing Materials (ASTM) standard. Elemental analysis of lignin, including carbon, nitrogen and hydrogen, oxygen percentage for lignin was measured with PerkinElmer Series II 2400 Analyzer (PerkinElmer, Waltham, MA, USA). Each sample was analyzed three times and all analysis results are shown in Table 4 . 
Characterization
Fourier transform infrared (FTIR) spectra of EHL and EHL-SE were recorded by a Nicolet 6700 FTIR spectrometer (Thermo Electron, Waltham, MA, USA) under the resolution of 1 cm −1 in 32 scans by a KBr disk with the wavenumber ranging from 4000 to 500 cm −1 . Pyrolysis experiment of EHL was conducted using pyrolyzer (CDS 5250, Chemical Data Systems, CDS Analytical LLC, Oxford, PA, USA) with a direct connection to gas chromatography (GC) coupled with a mass spectrometer (MS, Trace DSQ II, Thermo Fisher Scientific, Waltham, MA, USA). In each experiment, 0.5 mg sample was placed in quartz packing tube. The pyrolysis temperature was set from room temperature to 300, 365 (maximum weight loss peak temperature of lignin), 400, and 500 • C with heating rate of 20 • C/min. Then the volatiles were analyzed by GC/MS (Thermo Fisher Scientific, Waltham, MA, USA). Injector temperature were kept at 300 • C. The chromatographic separation was performed using TR-5MS capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness). High purity nitrogen (99.999%) was used as the carrier gas with a constant flow rate of 40 mL/min. The identification of chromatographic peaks was achieved according to the NIST library and the relevant literature.
Conclusions
This paper mainly explored the distribution of pyrolysis products of EHL and EHL-SE. FTIR results showed that the intensity of signal peaks of the hydroxyl group, alkyl group and other groups in EHL changed after steam explosion treatment. Py-GC/MS results showed that phenolic compounds were main substances in pyrolysis products, and the unit content (G, S and H) in phenolic compounds also occurred with different treatment methods and pyrolysis temperatures. Pyrolysis products in EHL-SE were more concentrated, producing more phenolic compounds. When temperature was continuously increased, the content of G-type and S-type unit increased first and then decreased, and the content of H-type and C-type unit continuously increased, which was related to the demethoxylation reaction. Furthermore, S/G ratio had also changed, which had reached a maximum value at 400 • C in EHL-SE. The most predominant pyrolytic product for lignin after steam explosion treatment was 2-methoxy-4-vinylphenol with 11% relative content.
